Unreinforced masonry (URM) walls are prone to failure when subjected to out-of-plane and in-plane loads. The development of effective and affordable strengthening strategies is a need. In this context fiber reinforced polymer (FRP) materials offer viable solutions to solve or lessen the effects of overloading. This paper describes FRP systems proposed for use in the strengthening of masonry elements as well as the impact of such systems on the building being retrofitted. Also, field applications, some potential and others already implemented applications, are described. Field applications include strengthening for natural hazards (i.e. earthquakes and high wind pressures) as well as man-caused hazards (i.e. blasting). The potential of FRP systems for retrofitting of historic structures is also illustrated. Finally, research needs in this area are discussed.
INTRODUCTION
Structural weakness or overloading, dynamic vibrations, settlements, and in-plane and out-of-plane deformations can cause failure of URM structures. URM buildings have features that can threaten human lives. These include unbraced parapets, inadequate connections to the roof, and the brittle nature of the URM elements. Organizations such as The Masonry Society (TMS) and the Federal Emergency Management Agency (FEMA) have determined that failures of URM walls result in more material damage and loss of human life during earthquakes than any other type of structural element. This was evident from the post-earthquake observations in Northridge, California and Turkey.
Nowadays, in the United States, large investments are being directed to retrofitting projects. It is estimated that the national average spending in reconstruction is about 25% of new construction investment (U.S. Census Bureau 1998). Under the URM Building Law of California, passed in 1986, approximately 25,500 URM buildings were inventoried throughout the state. Even though this number is a relatively small percentage of the total building inventory in California, it includes many cultural icons and historical buildings. The building evaluation showed that 96 % of the URM buildings in California needed to be retrofitted, which would result in approximately $4 billion in retrofit expenditures. To date, it has been estimated that only half of the owners have taken remedial actions, which may be attributed to the retrofitting cost. Thereby, the development of effective and affordable retrofitting techniques for URM elements is an urgent need.
Fiber reinforced polymer (FRP) composites may provide viable solutions for the strengthening of URM walls subjected to high in-plane and out-of-plane stresses caused by wind or earthquake loads. The use of FRP materials offers important advantages in addition to their mechanical characteristics and ease of installation. For example, the disturbance of the occupants of the facility is minimized and there is minimal loss of usable space during strengthening. Furthermore, from the structural point of view, the dynamic properties of the structure remain unchanging because there is no addition of weight and stiffness. Any alteration to the aforementioned properties would result in an increase in seismic forces.
STRENGTHENING OF MASONRY WITH FRP COMPOSITES
FRP materials in the form of laminates and rods are available for the strengthening of masonry elements. Commonly three types of fibers are used, carbon, glass and aramid. The use of laminates involves the application (i.e. external adhesion) of fiber sheets by manual lay-up to the surface of the member being strengthened, which has been previously prepared (i.e. sandblasting and puttying). The fibers are impregnated by an epoxy resin, which after hardening enables the newly formed laminate to become integral part of the strengthened member. Another available FRP technology is the use of pultruded rods, which consists in placing them into grooves cut onto the surface of the member being strengthened (i.e. near-surface-mounted (NSM)). The groove is filled with an epoxy-based paste, the rod is then placed into the groove and lightly pressed to force the paste to flow around the rod. The groove is then filled with more paste and the surface is leveled.
When choosing a retrofit method, its impact on the aesthetics and activities of the building being retrofitted need to be evaluated:
• Aesthetical Impact. To be completely successful, retrofit work should be carried out with the least possible irrevocable alteration to the building appearance. Many URM buildings are part of the cultural heritage of a determined city or country. Thereby, to preserve their aesthetic and architecture is primordial. It is recognized that the use of external reinforcing overlays of steel or FRP can alter the aesthetic of a masonry wall. The use of NSM FRP rods is an alternative to strengthen masonry walls where aesthetics is an important issue. Aesthetic considerations are fundamental for historic structures. Traditional repair techniques, including steel plates or external tendons, resulted unsatisfactory to retrofit churches and historical building after the last earthquakes in Europe.
• Social Impact. Any retrofit work involves a series of disruptive activities for the building occupants. Actions taken to strengthen a URM building must consider the operation of the structure both in terms of current and possible future use. Conventional strengthening may require the use of relatively heavy equipment such as welding machines, saws, etc, which can produce dust and noise that can disrupt the normal activities of the building users. The use of FRP laminates can lessen these effects. However, i t is recognized that surface preparation requirements prior to the FRP installation can be disruptive. Since the surface preparation for NSM FRP rods is minimum (only grooving of the joints is required), this method would be ideal if the normal operations of the building need not be affected.
POTENTIAL FIELD APPLICATIONS
For the strengthening of masonry elements, FRP laminates have primarily been used. Investigations have shown that for walls subjected to in-plane loads, the shear capacity of the walls was notably enhanced when strengthened with FRP laminates. In addition, the strengthened walls had a more ductile behavior (Schwegler, 1995; Laursen et al., 1995) . Other investigations on the out-of-plane behavior of URM walls strengthened with FRP laminates have demonstrated that the flexural capacity of the strengthened walls can be dramatically increased (Ehsani et al., 1998; Hamilton et al. 1999; Velazquez et al. 2000) . These research programs have been conducted in a laboratory environment where m any times it is difficult to reproduce conditions close to those found in the field. In fact, most, if not all, of the reported tests were performed on simply supported walls. Field tests performed in-situ have shown that if the details of the boundary conditions are not addressed, the effectiveness of the intended strengthening strategy can be less than the expected. This has been evident for URM walls tested under out-ofplane loads where crushing of brittle masonry units (i.e. clay tiles) controlled the behavior of the system, as observed in Figure 1 . (Tumialan et al., 2000) . In addition, FRP laminates not only offer solutions for the strengthening of masonry walls potentially subject to overloading caused by natural hazards such as high wind pressures and earthquakes but to high pressures caused by blast waves (Muszinnsky et al., 1998; Oswald et al., 2001) The use of NSM FRP rods is attractive since the surface preparation required for the installation of the laminates (i.e. removal of existing plaster, sandblasting, leveling of surface) is greatly reduced. However, due to the nature of their installation, fracture may be caused in some areas of the masonry wall being strengthened, particularly in walls built with brittle masonry units such as clay tiles (Tumialan et al. 2000) . Since debonding of the FRP laminates from the masonry substrate has been observed to be the predominant mode of failure, the fact that NSM rods can be anchored into adjacent RC members (i.e. slabs, columns and beams) makes their use attractive. When the FRP rods are placed in the mortar joints, the technique is denominated "FRP structural repointing". Repointing is a traditional retrofitting technique, commonly used in the masonry industry, which consists in replacing missing mortar in the joints (see Figure 2) . The term "structural" is added because the proposed method does not merely consist of filling the joints as the traditional technique, but allows for restoring the integrity and/or upgrading the shear capacity of walls Tumialan et al., 2001 )
RETROFITTING OF HISTORIC STRUCTURES
Retrofitting projects such as Palazzo dei Celestini and the St. Giorgio Church (Lecce, Italy) have shown the great potential of the use of FRP materials for the structural rehabilitation of historic masonry structures (La Tegola et al. 2000) . These projects have also shown the versatility of FRP materials in the retrofitting of masonry columns. In Palazzo dei Celestini, which is a building of the XVI century in natural masonry blocks, a column was in serious danger of collapse and presented wide vertical cracks that indicated imminent crushing failure. The retrofitting strategy consisted of providing confinement with FRP laminates and inserting FRP rods as dowels to increase the effectiveness of confinement and to prevent the expulsion of masonry pieces under high axial loads (see Figure 3) . Laboratory tests showed an increase of above 200% in compressive strength for the columns strengthened with laminates and rods as compared to the control specimens. An increase of about 50% compared to the simply wrapped columns was reported.
In San Giorgio Church the arches and vaults showed a remarkable level of damage due to the settlement of the columns. The same phenomenon caused high states of stresses in the masonry walls, creating a possibility of imminent local crushing. FRP tendons were chosen to take the drift of the arches. FRP laminates were used to bridge the existing cracks in the vaults (see Figure 4) . As a result of the very small thickness of the laminate, no sign of intervention was visible on the surface after plastering. In this case, the FRP strengthening system was applied in the internal side of the vaults. Strengthening strategies have also involved applying FRP laminates in the external side of the vaults. This solution was necessary for the repair of San Francesco Cathedral (Assisi, Italy) after the earthquakes in 1997. This was necessary because the internal surfaces were covered by ancient frescos executed by Giotto that could not be altered.
The short time for the repair and the rpreservation of the aesthetics in the above mentioned cases can be considered as an example in which the retrofitting with FRP materials was the only solution that could guarantee the desired results.
RESEARCH NEEDS
For masonry walls strengthened with FRP laminates, research results have shown that debonding of the FRP laminate from the masonry substrate is the controlling mechanism of failure (Schwegler et al., 1995; Hamilton et al., 1999; Velazquez et al., 2000) . This has been evident in masonry walls strengthened to resist either in-plane or out-of-plane loads. Therefore, there is a need to determine the effective strain of the laminate as a function of the amount of strengthening. For walls strengthened to increase the out-of-plane capacity, available literature (Velazquez et al., 2000) has suggested fixing the effective strain to a value of 0.004 for design purposes.
Debonding may have a direct relationship with the porosity of the masonry unit, which can be characterized by the initial rate of absorption (IRA) test. An investigation showed that the absorption of the epoxy may be limited in the extruded brick units compared to molded bricks (Roko et al, 1999) . This is attributed to the glazed nature of their surface, which leads to a reduction of the bond strength between the FRP laminate and the masonry surface. Therefore, for the determination of the effective laminate strain, walls built with different and representative types of masonry units should be investigated. The investigation of surface preparation methods and amount of impregnating resins is also needed. To date, there is a tendency to use types and quantities similar to those used for the strengthening of RC elements.
Based on the premise of debonding as a controlling mode of failure, anchorage systems to avoid this failure mode need be developed. The use of steel angles may be effective when the wall is subjected to in-plane loads. However, when subjected to out-of-plane loads, the wall may be locally fractured in the anchorage regions due to the restraint of the wall movement. Thereby, it is advisable that this anchorage system be not in contact with the masonry surface. FRP rods have been successfully used for anchoring laminates in RC joists strengthened in shear (Anaiah et al., 2000) . The anchoring technique consists of placing the fiber sheet under the rod embedded in a slot saw-cut in the base material. The fibers are then placed inside rounding a FRP rod which will act as anchorage after being bounded by a suitable epoxy-based paste.
For masonry walls strengthened with FRP rods, specifically for the case of walls subjected to in-plane loads strengthened by "FRP structural repointing", the effective strain developed in the rods needs to be estimated for different strengthening schemes (i.e. spacing of rods). It has been observed that the failure in walls strengthened by "FRP structural repointing" is produced by the loss of bond between the epoxy-based paste and the masonry units (Tumialan et al., 2001) . The strengthening of only one side of wall represents a frequent encountered field situation where the presence of the veneer wall makes difficult to strengthen both sides. Thus, the cracking growth is larger in the face of the unstrengthened side. The crack produced by debonding of the masonry units from the mortar in the strengthened side has been observed to travel through the wall thickness until debonding of the epoxy-based paste from the masonry units. At this point the wall fails because the tensile stresses are not longer transferred to the rods.
Finally, it is important to investigate the interaction of strengthened walls with the surrounding structural elements (i.e. beams and columns) since the effectiveness of the strengthening may be dangerously overestimated due to premature failures (e.g. crushing of masonry units at the boundary regions) in the masonry itself (Tumialan et al., 2000) .
FINAL REMARKS
FRP systems have been proven to increase remarkably flexure and shear capacities of URM elements. FRP composites offer great benefits for the construction industry. Proper engineering and installation are key to success. Future research is fundamental to characterize material and system behavior and to allow for the development of design and specification guidelines. 
